Abstract. Cancer is a complex disease caused by multiple factors including genetic mutations, and environmental factors. Cancer-associated proteins are potential biomarkers or targets for diagnostic and therapeutic interventions in cancer. The Universal Protein Resourse (UniPort) is a well-annotated comprehensive resourse for protein sequence records. In the present study, we performed data mining of UniProt proteins as a proteomic resource. We generated a catalog of 1653 cancer-associated proteins including 344 secretory proteins and 300 cell surface proteins. Integrated bioinformatic analysis including ontological classification, functional enrichment and pathway construction were performed. These proteins could serve as a reference for further studies to discover cancer targets, and the enriched bioinformatic analysis provides new insights into cancer proteomics research.
Introduction
Cancer is a complex disease that is caused by multiple factors including genetic mutations, and environmental factors (1, 2) . Cancer biomarker discovery is crucial for both cancer biology and clinical applications. These biomarkers can be DNA, RNA, miRNA or proteins (3) , and the preferred one being the protein (4) .
Biomarkers are indicators of the specific biological status and can be useful for diagnosis and early detection of cancers, assessment of prognosis, and treatment monitoring (5) . The development and improvement of biotechnologies have allowed researchers to perform high throughput analysis of genomes, transcriptomes and proteomes in health and disease, and identify hundreds of potential biomarkers (6) . However, less than two dozen cancer biomarkers are currently approved by the Food and Drug Administration (FDA) (7), including only nine protein biomarkers in the blood (8) . Due to the lack of the sensitivity and specificity of these known biomarkers (9) , researchers continue to look for more meaningful targets. Among these platforms, proteomics is particularly promising for the discovery of biomarkers (10) . Proteomic technologies can provide high-throughput and in-depth analysis. Many of these studies have been performed on different cancer types including lung (11) , breast (12) , colorectal (13) , bladder (14) , prostate (15) , head and neck (16) and ovarian cancers (17) . The different cancer proteomics have generated a set of putative cancer biomarkers. However, these results should be verified and validated before they can be used in clinical detection, and the specificity and reproducibility also need to be addressed (18) . The major challenge of these studies is how to decipher the results and extrapolate them into clinical applications. Proteins with altered expressions in cancer do not act as individual units, but are involved in certain pathways and play different biological functions. A wide variety of cancers may also be linked to the same pathways that affect tumorigenesis and progression through altering protein expressions. So, once these pathways are known, it should be easier to monitor different aspects of cancer progression and to target therapeutic strategies by focusing on pathways instead of individual proteins. The enriched pathways or functions may be the most probable cause of cancer (19) . Therefore, bioinformatics should be applied in discovering cancer-associated biomarkers. Identification and characterization of cancer proteins at integrated levels are key steps to improving our understanding of cancer biology, as well as cancer diagnosis and therapeutics. The study will also facilitate the exploration of associations between individual proteins and cancer biology.
Despite the increasing pace of data generation, efforts on organizing these data for useful exploitation are still limited. The Universal Protein Resource (UniProt, http://www.uniprot. org) has comprehensively covered 20244 reviewed proteins with detailed updated annotations (20) . This well-annotated database on human proteome provides possibilities for screening new biomarkers or therapeutic targets for cancer, and also a good background for integrated functional interpretation of cancer biology.
In the present study, we performed an alternative strategy to explore cancer-associated proteins following analysis by integrated bioinformatics. 
Materials and methods
Selection of cancer-associated proteins. UniProt (Release 2011_10, http://www.uniprot.org) was used to select cancerassociated proteins. All human proteins were downloaded from the UniProt database including all annotations. Cancerassociated proteins were further selected manually from the downloaded data using keywords 'cancer', 'tumor', or 'carcinoma', and corresponding regulation levels were recorded as 'overregulation', 'downregulation' and 'no-annotation'.
Bioinformatics analysis Ontological analysis. All cancer-associated proteins were classified broadly into several catalogs according to the GO annotation (www.geneontology.org) and functions reported in the literature.
Enrichment bioinformatics analysis.
Protein IDs were uploaded to DAVID (http://david.abcc.ncifcrf.gv/) and the enrichment analyses of GO terms including biological process, molecular function, and cellular component were performed by using the functional clustering annotation tools. The default options with high classification stringency were used, and finally cluster names were extracted from the most biologically relevant GO term assigned to that cluster. For comparative functional analysis of the selected top five cancers, proteins IDs extracted from each cancer type were submitted into PANTHER (www.pantherdb.org) to determine functional categories by using gene expression tools. Each list is compared to the reference list using the binomial test for molecular function and protein class terms in PANTHER.
Pathway analysis. Ingenuity pathway analysis v8.0-2803 (IPA), (Ingenuity Systems, www.ingenuity.com) was used to analyze pathways and networks involved in the cancer-associated proteins. The following settings were used: reference set, ingenuity knowledge base (genes only); network analysis, drect and indirect relationships; molecules per network, 35; networks per analysis, 25; all species, tissues and cell lines were used for the analysis. IPA uses Fisher's exact test to determine which pathways (canonical pathways, toxicity pathways or biological functions) are significantly linked to the input protein set compared with the whole ingenuity knowledge base.
Selection of secretory and cell surface proteins. Secretory proteins and cell surface proteins are promising biomarkers. All cancer-associated proteins were compared with a serum/ plasma proteome to select secretory proteins, and compared with cell surfaceome to select cell surface proteins. Gene Ontology (GO) was used to further filter out the result.
Results
Overview of cancer-associated proteins. By screening the reviewed proteins deposited in the UniProt database, we obtained 8756 proteins with tissue specificity description. Those proteins that have the key word 'cancer', 'tumor' or 'carcinoma' were considered as cancer-associated proteins. Finally, 1653 cancer-associated proteins were obtained, and more than 45% proteins were overexpressed in cancers and 19% were underexpressed. Fig. 1 shows the distribution of protein numbers in different cancer types. Apart from tumor/ cancer cells, the top one was breast cancer.
Bioinformatics analysis Ontological analysis. Functional classification analysis according to the gene ontological (GO) annotations revealed that the proteins were clustered into several categories. Of these molecular processes, the majority (18%) of the proteins were involved in metabolic processes and 17% in cellular processes (Fig. 2) .
Functional clustering. To explore the enrichment functions of these proteins, their associated biological processes, molecular function and cellular component were determined by meas of the DAVID functional annotation clustering. Functional annotation clustering demonstrated that these proteins were associated significantly with five annotation clusters. The first one included GO terms for apoptosis; these proteins were involved in the regulation of cell death. The second cluster included the GO terms for the cellular component extracellular region; these proteins consisted of secreted glycoproteins. The third cluster included GO terms for cell adhesion. The fourth cluster included GO terms for angiogenesis; these proteins were involved in vasculature development. The last cluster included terms for cell cycle which was related to cell division. Functional enrichment analysis of different cancer types showed that increased proportion of apoptosis and reproduction-related proteins were found in breast cancer. Cell adhesion, the immune system and reproduction-related proteins were overexpressed in ovarian cancer.
Pathway enrichment analysis.
A more detailed analysis of pathways and networks were performed by using Ingenuity pathway analysis (IPA) tools. IPA generated 25 networks using all cancer-associated proteins and 18 networks using breast cancer proteins. Some canonical pathways were involved in these networks, and Fig. 3 shows the top five canonical pathways involved in the cancer proteins: bladder cancer signaling, colorectal cancer metastasis signaling, HIF1α signaling, p53 signaling, and glycosaminoglycan degradation pathways.
Cancer/testis proteins, secretory proteins and cell surface proteins.
Comparison of cancer proteins with our previous study showed that 439 testis proteins including 146 testisspecific proteins were included in this study. One hundred and thirty-two common proteins are presented in the cancer proteins and cancer-testis antigens (Fig. 4) .
Comparison with previous published data of human serum/ plasma and cell surface proteins (surfaceome) showed that a total of 344 secretory proteins and 300 cell surface proteins were included in the cancer-associated protein database.
Literature relationship of HE4 protein with associated proteins. The HE4 (WFDC2) protein, a well-known epididymal protein, was selected as an example to evaluate its functions through PubMed retrieval. Literature retrieval showed that HE4 was significantly associated with five proteins (MUC16, MUC1, SPP1, MSLN and NPC2) (Fig. 5) . These proteins were mainly involved in cell adhesion and sperm maturation processes.
Discussion
With the development and improvement of proteomic technology, proteomes of a wide range of cell types and disease processes have been identified and compared. Many studies were carried out to find cancer biomarkers in various cancer types through comparing the status of the disease (21) . The obtained data offered the opportunities for the diagnosis and effective therapy of cancer. However, many studies lack experimental verification and validation, and functional analysis needs to be performed before they could be used as diagnostic markers or therapeutic targets.
In the present study, 1653 cancer-associated proteins were selected from 20244 reviewed human proteins by analyzing the public database. These cancer-associated proteins were mainly classified into 20 specific cancer types, and most of them were cast to a broad group as tumor/cancer cells. To explore their biological relationship with cancer, we performed an integrated bioinformatics analysis. Ontological analysis indicated that most of these cancer-associated proteins were classified into different functional groups that may be involved in different aspects of cancer biology. Functional clustering analysis also indicated that these cancer-associated proteins were mainly significantly related to five GO terms: apoptosis, cell adhesion, cellular component extracellular region, angiogenesis and cell cycle. The proteins that functioned as cell adhesion (6%), cell cycle (6%) and apoptosis (4%) molecules are well-known to be involved in cancer processes (22) . More than fifty cell adhesion proteins were selected in the present study. These cell adhesion molecules may play roles in intercellular and cell-extracellular matrix interactions of cancer, leading to cancer invasion or metastasis (23) , or participating in signal transduction, cell growth and differentiation (24) . E-cadherin is one prominent adhesion molecule that forms the E-cadherin-catenin complex which plays a role in epithelial cell-cell adhesion and differentiation (25) , especially serving as a potent invasion/tumor suppressor of breast cancer (26) . Some studies indicated that downregulation of E-cadherin was relevant to several pathways including the integrin-linked kinase (ILK) signaling pathway (27, 28) . The ILK signaling pathway is a prominent enrichment pathway in breast cancer, and it may play important roles in hormonal cancer progression (29) .
Another important functional cluster was the extracellular region which consisted of glycoproteins and cell surface proteins that are excellent targets for diagnostic and therapeutic interventions. Of the 1653 proteins, 344 (21%) were reported to be present in the human serum/plasma and should be promising as biomarkers, while cell surface proteins have been deemed to serve as ideal therapeutic targets, and many monoclonal antibodies against them are approved for therapeutic applications, particularly in cancer therapy (30) . Three hundred (18%) surface proteins were identified, such as ITGA9 and ITGA2B which were involved in the ILK signaling pathway.
More than two hundred cancer/testis antigens have been listed in the CT database (http://www.cta.lncc.br/). The striking feature of these proteins is their restricted expression to the testis and low or no expression in normal tissues (31) . They can thus be used as potential cancer vaccine targets. One hundred and thirty-two, CT antigens (59%) and 439 testis proteins (146 testis-specific proteins) were included in the cancer-associated protein profiles; further study of these proteins is warranted. Among the 132 CT antigens, only 11 proteins were identified as cell surface proteins. The result was consistent with the characteristics of CT antigens which are mainly located in the intracellular compartment. Among these, two disintegrin metalloproteinases (ADAMs), ADAM2 and ADAM29, have been suggested to play a role in melanoma progression (32) .
Apart from bioinformatics analysis, increasing references in PubMed will also provide us biological insight into cancer research (33) . WFDC2 was selected as an example to explore its literature relationship with other proteins. The result was displayed as a network including 14 proteins, 5 of which were directly relevant to WFDC2. These proteins were involved in cell adhesion and sperm maturation processes.
In conclusion, this study provides new bioinformatics insight into the cancer proteome, which integrates cancerassociated proteins coming from a reviewed database to explore functions and pathways in cancer. Further studies are warranted to substantiate the enriched functions and pathways. The studies will advance our understanding of cancer biomarker discovery, and also facilitate biological interpretation of cancer biology in a network context.
